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ABSTRACT 
Three values measured by the spaceborne lidar 
CALIPSO, i.e. backscattering coefficient, color ratio 
and depolarization ratio, have been calculated within 
the framework of physical optics for quasi-horizontally 
oriented hexagonal ice plates. The dependence of these 
values on the effective deviation of crystal orientations 
is obtained for the case of normal incidence of light and 
axially symmetric distribution of crystal orientations. 
Such results are applicable for the data obtained by 
CALIPSO at the initial tilt of its axis at 0.3° from nadir. 

1. INTRODUCTION 
Lidars are the most effective instruments for retrieving 
microphysical parameters of clouds. In particular, for 
ice clouds, the microphysical parameters are sizes, 
habits and orientations of the ice crystals. At present, 
only the spaceborne lidar CALIPSO is capable to yield 
such information in global scale. It measures three 
quantities: the backscattering coefficient β(0.532) at the 
wavelength of 0.532 µm, the color ratio 

)532.0(/)064.1( ββχ =                (1) 

and the depolarization ratio 

)532.0(/)532.0( ||ββδ ⊥= .             (2) 

Therefore a lot of papers are devoted to a retrieval of 
the microphysical parameters of ice clouds from the 
CALIPSO data (e.g. [1-5]). 

In such analyses, the case of quasi-horizontally oriented 
ice plates plays an important role since such crystals 
produce the specific lidar signals with anomalously 
large backscattering coefficient and small 
depolarization. This phenomenon has been widely 
studying by ground-based lidars for a long time (e.g. [6-
10]). Also, this was the phenomenon that demanded to 
change the incidence angle of CALIPSO from the 
initial 0.3° to 3°. 

A contribution of the horizontally oriented ice crystals 
to the lidar signals reflected from cirrus clouds for 
either spaceborne or ground-based lidars is a poorly 
investigated problem yet. The main reason of this is that 

the problem of light backscattering by such crystals has 
not been calculated theoretically in spite of a number of 
efforts [11-14]. 

In this paper we fill the gap by our numerical solution 
to the problem that is based on the physical-optics 
approximation described in [15]. 

2. BACKSCATTERING MUELLER MATRIX 
FOR QUASI-HORIZONTALLY ORIENTED 
PLATES 

A hexagonal ice plate is determined by its diameter D 
and height h. Orientation of the plate is described by 
three Euler angles θ, φ, and γ. Here θ is the plate tilt, i.e. 
the angle between the normal to the upper facet of the 
plate and the vertical (zenith) upward direction; the 
azimuth angle φ corresponds to a rotation of the plate 
normal around the vertical; and γ determines a particle 
rotation around its normal. The plate orientations are 
mostly axially symmetric and gaussian, i.e. the 
orientations are uniformly distributed over the angles φ 
and γ, and only the probability density for tilts p(θ) is 
gaussian 

2 2( ) exp( / 2 )effp constθ θ θ= ⋅ − ,            (3) 

where the standard deviation of the distribution will be 
called the effective tilt effθ . 

In the simplest case of vertical incidence of lidar light 
on a plate with axially symmetric orientations, the 
backscattering Mueller matrix is analogous to the case 
of randomly oriented particles [16], i.e. we have 
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Here )( effθσ  is the backscattering cross section reduced 
for the horizontally oriented plate to the well known 
equation [17] 
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where )1/()1( +−= nnK , n is the refractive index of 
ice at the incident wavelength λ and S is the area of the 
upper plate facet. The value )( effd θ  is the 
backscattering depolarization that is connected with the 
depolarization ratio of Eq. (2) by the simple equation 

[ ])(2/)()( effeffeff dd θθθδ −= .               (6) 

The color ratio of Eq. (1) is determined by the equation 

)(/)()( 532.0064.1 effeffeff θσθσθχ = .             (7) 

In this contribution, we have calculated the values 
)( effθδ  and )( effθχ for three fixed plate diameters D, 

where the diameters of 10 µm, 100 µm, and 1000 µm 
were chosen to represent the small, mediate, and large 
sizes of the quasi-horizontally oriented plates. Their 
heights were taken from the well-known equation 

0.4492.020241791 (in microns)h D= ⋅     (8) 

3. THE SPECULAR AND CORNER-
REFLECTION TERMS 

The specific feature of the problem of light scattering 
by quasi-horizontally oriented plates is that the 
scattered field consists of two components differing 
qualitatively from each other. The first is the specular 
term associated with light reflection by a plane-parallel 
plate truncated by the hexagonal facets. The second is 
the corner-reflection term where the angle of 90° 
between the hexagonal and rectangular facets 
transforms the plate into a 2D corner reflector at a 
specific value of the rotation angle γ [18, 19]. So while 
the specular term decreases with the plate tilt θ because 
of the diffraction pattern on the hexagonal facet, the 
corner-reflection term, on the contrary, increases 
because of the increasing projection of the plate height. 
Fig. 1 shows an illustration of these regularities. 

 

 

Figure 1. The backscattering cross sections versus the plate 
tilts θ for the specular (solid line) and corner-reflection 
(dashed line) terms (1a: D = 10 µm, λ = 0.532 µm; 
1b: D = 100 µm, λ = 1.064 µm). 

4. THE CROSS SECTIONS AND THE COLOR 
RATIOS FOR FLUTTERING ICE PLATES 

If orientations of the ice plates are determined 
statistically by means, for example, of the law of 
Eq. (3) we shall call the plate as fluttering for brevity 
where any motions of the plates are not inferred. For  

 

Figure 2. The backscattering cross sections (normalized) at 
the 0.532 µm wavelength for small, mediate and large plate 
sizes, respectively. 

the fluttering plates, we have to average the 
backscattering cross sections like Fig. 1 over particle 
tilts according to the law of Eq. (3). As a result, we get 
the values )0(/)( σθσ eff  presented in Fig. 2 at the 



 

wavelength of 0.532 µm that shows an impact of plate 
tilts on the backscattering. Fig. 3 shows the same value 
at the wavelength of 1.064 µm presented as their ratio 
that means the color ratio determined by Eq. (7). 

 

Figure 3. The color ratio versus the effective particle tilts for 
large (upper), middle, and small (lower) plate sizes. 

5. THE DEPOLARIZATION FOR 
FLUTTERING PLATES  

The depolarization ratio of  Eq. (2) is shown in Fig. 4a 
while the same value for the wavelength of 1.064µm is 
presented in Fig. 4b for a comparison . 

 

 

Figure 4. The depolarization ratio versus the effective 
particle tilts at the wavelengths of 0.532µm (4a) and 1.064 
µm (4b). 

6. CONCLUSIONS 
Three values obtained, i.e. the backscattering cross 
section, the color ratio and the depolarization ratio are 
just the full set of parameters that are needed to 
incorporate the quasi-horizontally oriented plates in any 
light backscattering model for both ice and mixed 
clouds. 

The data of this paper concern only the case of normal 
incidence of light. Nevertheless, as seen from the 
figures obtained, an additional tilt of the particles on the 
angle of 0.3° corresponding to the initial tilt of the axis 
of CALIPSO does not crucially change the values 
calculated. Therefore, the data of this paper are 
applicable to the CALIPSO data with the tilt of 0.3°. 
However, an additional tilt of the particles on the 
present tilt of CALIPSO of 3° essentially changes the 
values of interest. So the case of slant incidence of light 
should be further calculated. 
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